The multiple-input multiple-output (MIMO) technique can improve the high-resolution wide-swath imaging capacity of synthetic aperture radar (SAR) systems. Beamspace MIMO-SAR utilizes multiple subpulses transmitted with different time delays by different transmit beams to obtain more spatial diversities based on the relationship between the time delay and the elevation angle in the side-looking radar imaging geometry. This paper presents a beamspace MIMO-SAR imaging approach, which takes advantage of real time digital beamforming (DBF) with null steering in elevation and azimuth multichannel raw data reconstruction. Echoes corresponding to different subpulses in the same subswath are separated by DBF with null steering onboard, while echoes received and stored by different azimuth channels are reconstructed by multiple Doppler reconstruction filters on the ground. Afterwards, the resulting MIMO-SAR raw data could be equivalent to the raw data of the single-channel burst mode, and classical burst mode imaging algorithms could be adopted to obtain final focused SAR images. Simulation results validate the proposed imaging approach.
Introduction
High-resolution wide-swath (HRWS) imaging capacity is one of the most important aims of future spaceborne microwave remote sensing [1, 2] . To overcome the inherent limitation between azimuth resolution and unambiguous swath width in conventional single-channel spaceborne synthetic aperture radar (SAR) systems [2] , multiple innovative multichannel imaging modes are proposed and investigated [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The concept of multiple-input multiple-output (MIMO) SAR for HRWS imaging is hotly discussed and investigated in recent years [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Compared with single-input multipleoutput (SIMO) SAR systems, multiple waveforms are instantaneously transmitted by multiple transmitters to illuminate the same imaged swath and their corresponding echoes are received by multiple subapertures. As a result, a larger number of obtained azimuth samples in a single pulse repetition interval could be used to enhance performances of spaceborne SAR systems including geometric resolution, swath width, ambiguity to signal ratio (ASR), and signal to noise ratio (SNR).
According to different types of transmitted waveforms, MIMO-SAR could be characterized as orthogonal waveform MIMO-SAR, subband MIMO-SAR, and beamspace MIMO-SAR [15] . Different from other types of MIMO-SAR systems, multiple waveforms with the same phase coding and carrier frequency are transmitted in beamspace MIMO-SAR. Different transmitted subpulses are transmitted with different elevation beams and time delays, and then their corresponding echoes could be separated by digital beamforming (DBF) in elevation based on the relation between the short transmitted time delay and the elevation angle in the side-looking SAR imaging geometry [15] . As a result, more spatial diversities would be obtained to improve the high-resolution wideswath imaging capacity.
In this paper, a processing approach for beamspace MIMO-SAR data focusing is proposed. The proposed approach includes three important steps: DBF with null 2 International Journal of Antennas and Propagation steering onboard, multichannel azimuth data reconstruction, and single-channel burst mode SAR imaging. The key point of the proposed approach is DBF onboard and azimuth multichannel reconstruction for multichannel raw data preprocessing. The DBF step with null steering operated onboard separates echoes corresponding to different subpulses to extract more spatial diversities. Compared with the conventional DBF on receive approach named as scan-onreceive (SCORE) [6, 7] , the modified DBF approach with null steering is implemented by two complex matrix multiplications. Afterwards, echoes with different spatial diversities stored in all azimuth channels are reconstructed to overcome the nonuniform azimuth sampling [18, 19] . Compared with the azimuth multichannel reconstruction algorithm in [18, 19] , the reconstruction matrix in the proposed approach is also modified according to the azimuth imaging geometry of beamspace MIMO-SAR. Finally, the resulting raw data after DBF onboard and azimuth multichannel reconstruction could be focused by classical burst mode imaging algorithms [20] [21] [22] [23] [24] [25] .
This paper is organized as follows. Section 2 reviews the imaging scheme of beamspace MIMO-SAR and real time DBF on receiving chirp signals. Section 3 is focused on presenting the proposed imaging approach to handle the beamspace MIMO-SAR raw data. Simulation results on point targets are given in Section 4 to validate the proposed approach. Finally, this paper is concluded in Section 5.
Beamspace MIMO-SAR and DBF in Elevation
2.1. Beamspace MIMO-SAR Imaging Scheme. For future spaceborne microwave remote sensing missions, SAR sensors will require a complete and frequent coverage of the Earth with a reasonably high geometric resolution, for example, an imaged swath width of no less than 400 km with an azimuth resolution of below 5 m [25] . To implement such great imaging capacity, beamspace MIMO-SAR takes advantage of intrapulse beamsteering on transmit, the displaced phase center multiple azimuth beam (DPCMAB) technique, and DBF on receive and burst imaging scheme. Figure 1 demonstrates a beamspace MIMO-SAR system example with two transmit subapertures (Tx) and four receive subapertures (Rx). For the first subswath, two transmit subapertures in azimuth transmit radar subpulses with different time delays in sequences and echoes corresponding to different subpulses are received by different receive subapertures in azimuth. As a result, for the first subswath as shown in Figure 1 , spatial diversity a (SD-a) corresponding to the first transmitted subpulse a and SD-d corresponding to the second transmitted subpulse d are obtained by all receive subapertures in azimuth. For the third subswath illuminated by another two subpulses b and c via the second elevation transmitting beam as shown in Figure 1 , both diversities of SD-b corresponding to the transmitted subpulse b and SDc corresponding to the transmitted subpulse c are obtained by all receive subapertures in azimuth. Consequently, such beamspace MIMO-SAR system with two Tx and four Rx could obtain eight individual spatial samples in a single pulse repetition interval (PRI), and two of them are superposed as shown in Figure 1 . As two subpulses are transmitted by each Tx to illuminate two subswaths, the four-subswath imaging scheme is just implemented by the two-burst mode as shown in Figure 1 . Consequently, compared with other imaging modes with the same antenna, the high-resolution wide-swath imaging capacity is obviously improved due to the increased spatial samples in azimuth in a single PRI and the reduced number of bursts for the same swath width. As shown in Figure 1 (a), four subpulses are transmitted in a single PRI and their corresponding echoes will overlap in the receiving window. However, four subpulses are transmitted with different time delays or/and with different elevation transmitting beams and this scheme leads to the fact that the raw data recorded in the same position of the receiving window are echoes corresponding to different subpulses simultaneously arriving at the receiving antenna from multiple directions. Echoes from different directions could be separated by DBF in elevation. The DBF operation leads to the fact that echoes from the desired arriving direction are received with a high antenna gain, while other simultaneously arriving echoes are received with a very low antenna gain and could even be neglected. To obtain more spatial diversities, multiple beams with different pointing directions in elevation are adopted to transmit different subpulses and receive their corresponding echoes, and this is why this imaging scheme is named as beamspace MIMO-SAR.
Echoes from different subswaths could be easily separated by DBF in elevation, since the difference between their arriving directions is much larger than the beamwidth of the narrow scanning receive beam. Unfortunately, echoes of different subpulses transmitted into the same subswath are difficult to be separated by the conventional DBF receive approach, since the small angular interval between their echoes arriving directions is caused by the short time delay between two transmitted subpulses such as point targets P and Q as shown in Figure 2 . To resolve the range ambiguities from different subpulses in the same subswath, the height ℎ ant of the large receive antenna should be [9] 
where is the time delay of two transmitted subpulses as shown in Figure 1(a) , is the wavelength, far indicates the far range, is the light speed, and inc,max denotes the largest incident angle. Equation (1) demonstrates that the very large receive antenna is required for echo receiving, especially for the farther subswath, and the height ℎ ant of the large receive antenna is only a little larger than the minimum requirement of (1). To improve the quality of echoes separating corresponding to different subpulses from the same subswath, DBF with null steering instead of conventional DBF could be adopted.
To implement the beamspace MIMO-SAR imaging scheme, two subpulses should be transmitted into different subswaths by the same Tx, and echoes of multiple subpulses are, respectively, received by different narrow scanning receive beams. Furthermore, echoes are individually received by multiple subapertures arranged in azimuth. Therefore, a large receive antenna, which is divided into multiple subapertures in both azimuth and elevation, is required in a beamspace MIMO-SAR system. Two subapertures are used to transmit radar pulses and receive backscatter echoes, while others are only used to receive radar echoes. Furthermore, each subaperture contains lots of element antennas as shown in Figure 3 (a). Intrapulse beamsteering in elevation to transmit different subpulses into different subswaths in a single PRI is implemented by analog beamforming (ABF)
controlled by a set of phase shifters as shown in Figure 3 (b). Sharp high gain scanning pencil beam with null steering is implemented by DBF processing of multiple channel raw data in elevation as shown in Figure 3 (c). technique is detailed and investigated in [6, 7, 26] . In this novel receive technique, signals received by multiple subapertures in elevation are combined into one to form a sharp and high gain receive beam in real time. The following chirp signal is assumed in the proposed SAR system:
DBF on Receive in
where indicates the fast time in elevation, is the pulse duration, is the carrier frequency, and is the linear frequency modulation rate of the transmitted pulse. The received signal in the th subaperture from a point target is as follows:
where is the distance between the phase centers of two adjacent subapertures in elevation, 0 indicates the actual direction of arrival (DOA) of the received echoes, and 0 denotes the time delay of the first subaperture in elevation. According to the working principle of the phased array antenna, the phase weighting factor corresponding to the th subaperture in elevation to form the sharp scanning beam is as follows:
where ( ) is the steering angle as a function of the fast time [6, 7] . Afterwards, the final obtained demodulated baseband signal of the th subaperture in elevation can be expressed as follows:
Due to the very limited angular interval for a subswath in spaceborne SAR, the sine of the scanning angle ( ) in (6) can be expressed as a linear approximation of the fast time and
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where is the time delay for the middle slant range in a subswath. Using the principle of stationary phase (POSP), the spectrum of the received signal in (7) could be easily obtained and expressed as follows:
where is a complex constant. In order to compensate the spread of the signal over time of the chirp signal, from (8) , it can be seen that a linear phase term should be compensated via the following function:
This linear phase term compensation could also be implemented in the time domain via the time delay , and it can be expressed as follows:
After the modification of the spectrum realized by the short time delay for each subaperture in elevation, all signals will be combined together. Therefore, a sharp high gain scanning beam to receive echoes is implemented via a multiplied vector and a set of time delayers. The block diagram of the real time conventional DBF processor in elevation onboard is shown in Figure 4 .
Imaging Approach
The above-mentioned beamspace MIMO-SAR system based on the burst mode imaging scheme utilizes multiple subpulses in a single PRI with the same carrier frequency and phase coding but with different time delays and transmitting beam pointing direction to obtain more spatial samples in azimuth. Therefore, the proposed imaging approach includes three important parts: DBF with null steering in elevation to separate echoes corresponding to different subpulses, azimuth multichannel reconstruction to resolve the azimuth nonuniform sampling, and a single-channel burst mode SAR imaging processor as shown in Figure 5 .
Two-Step DBF with Null Steering in Elevation.
According to above-mentioned analysis results, as shown in Figure 1 , four subpulses are transmitted in a single PRI, and their corresponding echoes are simultaneously received and should be separated. Fortunately, echoes of subpulses transmitted to different subswaths can be easily separated via a narrow scanning pencil beam, since the angular interval between two illuminated subswaths as shown in Figure 1(b) is much larger than the beamwidth of the narrow scanning pencil beam. Therefore, this paper is just focused on separating echoes of subpulses transmitted to the same subswath.
As multiple subpulses are transmitted in a single PRI, their corresponding echoes will overlap at each receiver. For example, there are two point targets in the designed scene, point target P with the far slant range and point target Q with the near slant range as shown in Figure 2 . Echoes of P corresponding to the first subpulse and Q corresponding to the second subpulse received by the first subaperture in elevation are, respectively, expressed as follows: 
where ,1 and ,2 are the slant ranges from the transmitter to point targets P and Q, respectively, while 1 and 2 are the slant ranges from the first receiving subaperture to point targets P and Q, respectively. The following equation demonstrates the slant range relationship between two point targets:
As a result, echoes of two subpulses from targets with different range locations completely overlap in the receiving window as shown in Figure 2 . However, different ranges are associated with different looking angles in elevation. It is possible to separate simultaneously received echoes from different range bines by DBF on receive in elevation [9] . Echoes received by multiple subapertures and stored by individual channels in elevation could be expressed as a vector s( ) as follows:
where the symbol (⋅) denotes the transpose operator, ( ), ( = 1, 2, . . . , ) indicates the instantaneous received International Journal of Antennas and Propagation 7 signal in the th subaperture, and is the number of subapertures in elevation. Assuming that two subpulses are transmitted in a subswath in a single PRI, the vector s( ) can be rewritten as follows:
with
where 1 and 2 are the off-boresight angles of point targets P and Q, respectively. To separate echoes corresponding to different transmitted subpulses, the weighting matrix w( ) is multiplied to satisfy the following relationship:
According to the matrix theory, the weighting matrix w( ) is obtained as follows:
where (⋅) denotes the conjugate transpose operator, (⋅)
denotes the inverse operator, and (⋅) + denotes the pseudoinverse operator. Submitting (16) into (19) yields
Therefore, the multiplied matrix w( ) for DBF with null steering includes two parts: the phase vector a( ) for conventional beam scanning the same as (5) and the second multiplied matrix b( ) for null steering. However, a set of time delayers are introduced after the multiplied phase vector for conventional beam scanning to compensate the spread of the signal over time of the chirp signal as shown in Figure 4 . As a result, , ( ) is replaced by
with , = 1, 2.
The block diagram of the real time DBF processor with null steering in elevation onboard is shown in Figure 6 . The processor includes three parts: the ABF step controlled by a series of phase shifters to receive echoes from different subswaths, the first DBF step to form two sharp beams to receive echoes from different subpulses implemented by the multiplied phase matrix a( ) and multiple time delayers, and the second DBF step to further separate echoes corresponding to different subpulses to extract different spatial diversities by null steering. Compared with the conventional real time DBF processor to separate echoes corresponding to different subpulses, the additional processing step of the proposed approach is the second multiplied matrix b( ) for null steering, and the second matrix b( ) multiplication is more easily handled due to the less resource consumption. Furthermore, the fast time varying matrix a( ) could be computed on the ground and with uplink data transmission.
Azimuth Multichannel Reconstruction.
After separating echoes corresponding to different subpulses in the same swath, echoes received by all azimuth subapertures should be combined together. Compared with the SIMO SAR system, more effective phase centers are obtained, since two transmitters are adopted as shown in Figure 1 . The multichannel impulse response corresponding to the subpulse transmitted by Tx1 in azimuth as shown in Figure 1 can be written as follows:
where is the effective slant range, V is the effective velocity of SAR sensor, Δ is the physical spacing between Tx1 and the th azimuth subaperture along the track, and ℎ ( ) indicates the impulse response of the single-channel case. Furthermore, the multichannel impulse response corresponding to the subpulse transmitted by Tx2 in azimuth as shown in Figure 1 can be written as
Furthermore, Δ = ( − 1) ⋅ Δ is assumed as shown in Figure 1 in this paper; the multichannel impulse responses ℎ ,1, ( ) and ℎ ,2, ( ) could be rewritten as follows:
From the comparison between (27) and (28), the following relation is obtained as follows:
Consequently, the number of effective phase centers in the presented beamspace MIMO-SAR system with two transmit subapertures and receive subapertures is 2 − 1, and the optimum PRF for azimuth uniform sampling is
As a result, such azimuth multichannel SAR system is characterized by the matrix H( ) as follows: 
It should be noted that the multichannel signal with the bandwidth of (2 −1)⋅PRF only could be recovered in such system, since two azimuth channels are with the same azimuth spatial phase center. Consequently, the multichannel signal reconstruction matrix could be easily obtained as follows:
With the multichannel reconstruction matrix P( ), the reconstructed azimuth multichannel raw data could be considered as the single-channel signal with the sampling rate of (2 − 1) ⋅ PRF.
As the mentioned beamspace MIMO-SAR is mainly based on the burst imaging mode. The resulting raw data after DBF in elevation and azimuth multichannel reconstruction could be handled by burst mode (ScanSAR or TOPS) SAR processors.
Simulation Experiment
To validate the proposed imaging approach, experiments on simulated raw data are carried out. Simulation parameters are listed in Table 1 . To validate the whole processor imaging processor, an imaging scene consisting of six point targets is designed as shown in Figure 8 . Figure 9(a) shows echoes of the designed scene received by one of the elevation receive channels, and echoes corresponding to different subpulses are received by each receive channel in both azimuth and elevation. After DBF processing with null steering, echoes corresponding to different subpulses are well separated as shown in Figures   9(b) and 9(c) . The simulation results validate the separating effect of the modified DBF processor with null steering. Without using any window functions, the final imaging result of the designed scene is shown in Figure 9 (d). Furthermore, interpolated contour plots of three of the processed point targets with different range bines show the well focused features and the well-behavior sidelobes, and their imaging parameters are evaluated and listed in Table 2 . Both Figure 10 and Table 2 validate that the DBF processor and the modified azimuth multichannel reconstruction algorithm would not affect the following burst mode SAR imaging. To further validate the proposed imaging approach, a distributed imaging scene is designed as shown in Figure 11 (a). The space between adjacent pixels in both azimuth and range directions is 0.7 m, which is smaller than both azimuth and range resolutions. 
Conclusion
In this paper, an imaging processor to handle the beamspace MIMO-SAR raw data is proposed. The key point of the proposed imaging processor is its echoes separation corresponding to different subpulses and azimuth multichannel raw data construction. Based on the relationship between the transmitted time delay and the SAR side-looking imaging geometry, echoes corresponding to different subpulses are separated by a DBF processor with null steering onboard. In the proposed DBF processor, echoes corresponding to different subpulses are received by different sharp scanning pencil beams, which are implemented by the steering matrix and a series of time delayers. Afterwards, the interference signal corresponding to the undesired subpulse received by the sidelobe of the sharp scanning pencil beam is further suppressed via the matrix of the second DBF step for null steering. Then, the azimuth multichannel raw data is reconstructed by a modified multichannel reconstruction filter according to the subaperture arrangement in azimuth of beamspace MIMO-SAR. Imaging results on simulated raw data validate the proposed imaging approach.
